Fe-cluster-based crystal structures are predicted for chalcogenides Fe3X4 (X = S, Se, Te) using an adaptive genetic algorithm. Topologically different from the well-studied layered structures of iron chalcogenides, the newly predicted structures consist of Fe clusters that are either separated by the chalcogen atoms or connected via sharing of the vertex Fe atoms. Using first-principles calculations, we demonstrate that these structures have competitive or even lower formation energies than the experimentally synthesized Fe3X4 compounds and exhibit interesting magnetic and electronic properties. In particular, we show that Fe3Te4 can be a good candidate as a rare-earth-free permanent magnet and Fe3S4 can be a magnetic nodal-line topological material.
INTRODUCTION
Discovering new crystal structures is of particular interest in physics, chemistry, and materials science. Since the electronic structure of materials strongly depends on how the atoms are arranged, a given stoichiometric compound can have different physical, chemical and mechanical properties in different crystal structures, as witnessed for example in the variety of carbon allotropes or polymorphic metal oxides such as TiO2. Consequently it has become a major focus of modern materials discovery and design to search for new crystal structures in order to achieve novel properties.
In this paper, we predict a new class of cluster compounds for iron chalcogenides Fe3X4 (X=S, Se, and Te) using adaptive genetic algorithm and first-principles calculations. Topologically different from the layered iron chalcogenides which have been intensively studied since the discovery of iron based superconductors, [1] [2] [3] [4] the herein predicted structures consist of Fe clusters as the building block. Cluster compounds by definition contain a group of two or more metal atoms where direct and substantial metal bonding is present. 5 The elements which can form compounds based on cluster units range from alkali and alkaline-earth metals to transition metals. [5] [6] [7] Iron cluster have been mostly discussed in organometallic compounds and biological materials, for example the Fe4S4 "cubane" cluster identified in certain proteins and enzymes. 8 The inorganic Fe cluster compounds have not been reported. Using first-principles calculations,
we show that the Fe-cluster-based crystal structures of Fe3X4 are energetically competitive to those previously reported by experiments and exhibit intriguing electronic and magnetic properties. Thus our present studies greatly enrich our knowledge on the chemistry of iron chalcogenides.
According to the reported phase diagrams of iron chalcogenides (excluding iron oxides), 9 several compounds have been experimentally synthesized with the compositions ranging from FeX to FeX2. The layered tetragonal FeSe and FeS compounds have attracted enormous attentions in recent years due to their superconductivity. [1] [2] [3] [4] It was also found that single layer of FeSe grown on a SrTiO3 substrate can boost the superconducting transition temperature as high as 100 K.
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Meanwhile, there is a consensus in the literature that Fe1-aX (0<a<1) phases exhibit a substantial deviation from stoichiometry toward excess X and various complex superstructure phases can arise which are still not completely elucidated. 9 The stoichiometric composition of Fe3X4 has been experimentally synthesized for X=S and Se. Two phases of Fe3S4 have been reported: a low-temperature (LT) cubic phase (i.e. greigite) 10 and a high temperature (HT) rhombohedral phase 11 . However, both phases are thermodynamically unstable relative to the FeS2 pyrite phase, thus it has been challenging to obtain high-quality samples of Fe3S4 in experiments. Recently
Fe3S4 has regained a great deal of interest due to the synthesis of high-purity samples and its excellent electrochemical performance in Li/Na-ion batteries. 12 Moreover, Fe3Se4 has been reported to have a monoclinic structure and exhibit strong magnetic anisotropy with the potential to be used as a rare-earth free magnet. 13 For references, the crystal structures of above three experimental Fe3X4 phases are plotted in Figure S1 in the supporting information.
METHOD
In this work, we explore new crystal structures of Fe3X4 (X = S, Se, Te) using the adaptive genetic algorithm (AGA) developed by our group which integrates auxiliary interatomic potentials and first-principles calculations in an adaptive manner to ensure fast structure exploration and accurate energy calculations. 14 Unit cells containing up to 3 formula units (f.u.)
were used and no symmetry constrain was imposed in our structure searches. Interatomic potentials based on the embedded-atom method (EAM) 15 were selected as the auxiliary classical potentials in the AGA searches (details can be referred to ref. 14). The potential parameters for Fe-Fe interaction were taken from the literature, 16 while the Fe-X and X-X interactions were modeled by Morse potentials each with 3 adjustable parameters. The structure population was set to be 128 in the AGA search and convergence was considered to be reached when the lowest energy in the structure pool remained unchanged for consecutive 300 generations. In the end of each classical GA search, 16 lowest-energy structures were selected to perform first-principles calculations according to the AGA procedure, 14 whose energies, forces and stress were used to adjust the parameters of the EAM potential using potfit code. 17 Finally, all the selected structures for turning the interatomic potentials during AGA search were collected for higher-accuracy optimization by first principles calculations.
The first-principles calculations were carried out using spin-polarized density functional theory (DFT) within generalized-gradient approximation (GGA) by VASP code. 18 The projector augmented wave (PAW) method 19 Table S1 in the Supplementary information.
The structure shown in Figure 1a (referred to as Fe6-cluster structure from now on) was found to have the lowest energy for all three iron chalcogenides. It has the Mo3Se4 prototype 7 with the space group R-3 and consists of octahedral cluster Fe6X14 or Fe6X2X network. In the structure plotted in Figure 1c , each Fe cluster contains 9 Fe atoms, thus it will be referred to as the Fe9-cluster structure in the following. The building blocks in this crystal structure can be viewed as a stacking of three close-packed Fe triangles surrounded by 15 X atoms and six of the 15 X atoms are shared by the neighboring clusters. In this structure, each Fe atom bonds with 4 X atoms. Unlike the Fe6-cluster structure, the Fe9-clusters are connected with each other only along one direction so that they form a qusi-one-dimensional (1D) structure as seen in Figure 1c . If we ignore the interaction between the chains in the Fe9-cluster structure, we can obtain a 1D crystal structure for Fe3X4 as plotted in Figure 1d . We will refer to this structure as Fe9-rod structure. This anomaly behavior can be explained by the fact that Fe clusters in the Fe3-net structure are not isolated and the size of the chalcogen atoms has bigger effects on the Fe-Fe bonds than the electronegativity difference. Likewise, the gradual increase in the Fe-X bond length is also mainly caused by the size of the chalcogen atoms as one can see from Figure 2b .
It is known that crystal structures formed by cluster assembly naturally have large empty space, thus lowering the density of materials. As plotted in Figure 2c , the volumes of the Fe-cluster structures are larger than the experimentally observed Fe3X4 phases. Such low-density structures have great potential as parent compounds for chemical doping, which have been actively studied in the molybdenum clusters compounds RmMo6X8 (Chevrel phases or Chevrel clusters) with X as sulfur or selenium and R being an interstitial atom such as Pb 22 or rare-earth elements 23 . These materials, prepared by high temperature (1100 °C) reactions of the chalcogen and Mo metal, were found to be type II superconductors with rather high critical fields. The lowest-energy Fe6-cluster structure from our present prediction is in the same structure prototype as Mo3Se4, therefore similar doping studies are worthwhile to be carried out. More impressively, we note that the other two new structures, i.e. the Fe3-net and Fe9-cluster structures from our prediction have much larger volumes (> 25%) than that of the Fe6-cluster structure, making their density 
The formation energies with respect to the convex hull for the Fe3X4 compounds are plotted in Figure 3 . The calculation of the 1D Fe9-rod structures was carried out using a large supercell to avoid the interaction through periodic boundary conditions (see Table S1 in the supporting information). We found that the magnetic ground state of iron chalcogenides at zero temperature can be very complicated. For instance, the experimental Fe3S4 and Fe3Se4 phases are known to be ferrimagnetic (FIM), which is confirmed by our calculations to have lower energy than the ferromagnetic (FM) state. However, the FM state is found to be more competitive in the lowestenergy Fe6-cluster structure for all three chalcogenides Fe3S4, Fe3Se4 and Fe3Te4. In Figure 3 , only the energy of the magnetic ground state is shown for each compound and the detailed magnetic properties will be discussed later.
The results shown in Figure 3 demonstrate that the experimental phases for Fe3S4 and Fe3Se4 are indeed metastable. The LT cubic Fe3S4 structure (space group Fd-3m) has an energy of ~140 meV/atom higher than the convex hull (FeS + FeS2) and the energy of the HT rhombohedral phase (space group R-3m) is even higher, ~220 meV/atom above the convex hall. In comparison, the monoclinic Fe3Se4 phase (space group C2/m) is closer to the convex hull, but still ~80 meV/atom above. From Figure 3 , we can also see that both the Fe6-cluster and Fe3-net structures have lower energy than the known phases of Fe3S4 and Fe3Se4. Although no Fe3Te4 phase has been observed in experiments so far, our prediction shows that the lowest-energy structure of Fe3Te4 has the formation energy of ~60 meV/atom above the convex hull defined with respect to decomposition of Fe3Te4 into BCC Fe and FeTe2. Considering that the known Fe3S4 or Fe3Se4 phases are ~100 meV/atom or more above the convex hull and have been synthesized, it is very likely that the new structures could be obtained in experiment.
The Fe9-cluster structure has relatively higher energy in all three systems, but still within 30 meV/atom above the experimental phases. It is also interesting to see that the energy of the 1D Fe9-rod is close to those of the three dimensional (3D) structures. In the past decade, the success in synthesis of 2D materials has brought revolutionary changes to our understanding of materials.
From the perspective of formation energies, 2D materials are also not "stable" compared to 3D competing phases. It has been shown that various free-standing single-layer materials, which are calculated to have formation energies of ~200 meV/atom above the convex hull, have been synthesized. 25 In this regards, it is possible to realize the 1D crystal structures as the Fe9-rod iron chalcogenides using proper experimental synthesis techniques.
Dynamical stability. Phonon spectra of the three new bulk structures, i.e. the Fe6-cluster, Fe3-net and Fe9-cluster structures are calculated to investigate the dynamical stability of the new phases. The calculations are performed using a supercell approach provided by the Phonopy code, 26 where supercells with sizes of 112 atoms for the Fe6-cluster structure, 224 atoms for the Fe3-net structure and 504 atoms for the Fe9-cluster structure were used. The phonon density-of-
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states results are plotted in Figure 4 . It can be seen that there are no imaginary phonon frequencies in all three structures, indicating that these structures are dynamically stable. Figure 1 where different colors represent atoms with different spin orientations.
Among the structures listed in Table S2 , the Fe6-cluster structure is the only structure that has lower energy in the FM state for all three systems, so its net magnetic moment is expected to be significantly larger. Interestingly, the FM state in the iron tellurides is more competitive in energy than that in the sulfides and selenides, particularly when the gives very small energy difference, < 1 meV/atom, which is the beyond the resolution of DFT calculations. However, the energy is noticeably higher by assigning the Fe 4c site to have negative spin moment and the energy difference is +13.6, +6.3 and +9.7 meV/atom for X=S, Se and Te respectively. Table 1 . Magnetic properties of the Fe3X4 structure which are most stable in the FM state. The labeling of the Fe sites corresponds to the crystallographic data listed in Table S1 . To examine the performance of the Fe-cluster structures for rare-earth free permanent magnets, the magnetic anisotropy energy (MAE) was calculated using VASP for those structures stable in the FM state. Symmetry is switched off completely as spin-orbit coupling (SOC) is included in the calculations and a much denser k-point grid (2π x 0.016 Å -1
) is used in the MAE calculations to achieve better k-point convergence. The results are listed in Table 1 .
In the Fe6-cluster structure, the MAE increases as the chalcogen changes from S to Te mostly due to the enhancement of the spin-orbit coupling as the atomic weight gets bigger. For Fe3S4 in larger than what has been reported for the Fe3Se4 monoclinic phase, ~1.2 MJ/m 3 . 13 At the same time, the total magnetic moment of Fe3Te4 is much larger than that of the Fe3Se4 because of their different magnetic ground states: Fe3Se4 is observed to be in the FIM state with a total moment of 2.12 μB per formula unit (1.1 μB per formula unit from experimental measurements 13 ),
while Fe3Te4 in the Fe6-cluster structure and FM state has a total moment of 4.74 μB per formula unit.
In contrast to the Fe6-cluster structure, the . In Figure S3 in the supporting information, we plotted the total and projected electronic density of states (DOS) of each Fe-cluster structure from GGA calculations using VASP. The electronic band structures of the crystal structures calculated from the GGA and GGA + SOC calculations are presented in Figure S4 and S5 respectively. All of them show metallic feature with finite DOS at the fermi level. Near the fermi level, the electron density mainly comes from the d orbitals of the Fe atoms as shown in Figure S3 . For the same crystal structure by varying the chalcogen atom from S to Te, the electronic structures are analogous except for the Fe9-cluster structure because Fe3Te4 in this structure has different magnetic ordering in its ground state in comparison with that of Fe3S4 and Fe3Se4. Experimentally a new type of magnetic semimetal Sr1-yMn1-zSb2 (y, z < 0.1) that exhibits nearly massless relativistic fermion behavior was reported for the first time. 36 Meanwhile, considerable theoretical efforts have been devoted to identifying topological Weyl and nodal line semimetal states, such as in the half-metallic Co2TiX (X=Si, Ge, or Sn). 33 Herein we present another example of the nodal ring in the magnetically ordered (FIM) Fe3S4 structure, which provides a possible platform to study the interplay between the topological semimetal states and electronic correlation. 33, 36, 37 Detailed analyses on its characteristic are to be discussed in the future.
CONCLUSIONS
In summary, we present in this paper a new class of iron chalcogenide crystal structures consisting of Fe clusters, which are shown to have reasonable formation energies and novel magnetic and electronic properties. This new class of iron chalcogenide crystal structures leads to the possibility of realizing Fe-based superconductor in the non-layered structures, practical permanent magnetic materials free of rare earth elements, and exotic electronic band structures for the study of novel quantum transport properties. Our predictions thus substantially broaden the known chemistry of iron chalcogenides and more generally the transition metal chalcogenides.
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